Background: The electrocardiographic early repolarization (ER) pattern is associated
| INTRODUC TI ON
The electrocardiographic pattern of early repolarization (ER) has been known for decades and was considered a benign normal variant of the surface electrocardiogram (ECG) (Grant, Estes, & Doyle, 1951; Wasserburger & Alt, 1961) . However, individual case reports described ECG changes at the QRS-ST junction in young men with idiopathic ventricular fibrillation (Kalla, Yan, & Marinchak, 2000; Shinohara, Takahashi, Saikawa, & Yoshimatsu, 2006) and casecontrol studies reported an increased prevalence of ER in patients with a history of sudden cardiac arrest (Haissaguerre et al., 2008; Rosso et al., 2008) . Subsequently, large population-based studies found an association of the ER pattern with increased risk of death from cardiac causes and all-cause mortality (Sinner et al., 2010; Tikkanen et al., 2009) . Since then, the previously accepted view of ER as a benign ECG variant has been questioned.
The prevalence of ER varies between 1%-13% in the general population (Klatsky, Oehm, Cooper, Udaltsova, & Armstrong, 2003; Sinner et al., 2010; Tikkanen et al., 2009 ) but reaches up to 44% in young, trained athletes (Tikkanen et al., 2011) . Furthermore, competitive athletes have a 2.8-fold increased risk for sudden cardiac death (SCD; Corrado, Basso, Rizzoli, Schiavon, & Thiene, 2003) . Fortunately, these are rare but devastating events, with more than half being attributable to cardiac causes (Maron, Doerer, Haas, Tierney, & Mueller, 2009 ).
However, a definite cardiovascular event cannot be confirmed in onethird of cases and an arrhythmogenic origin is most likely (Maron et al., 2009) . Mechanisms by which ER confers the risk for malignant tachyarrhythmias are largely unknown, and it is unclear whether the presence ER reflects a hazardous condition per se, or whether it only acts in combination with additional triggers (Rosso, Adler, Halkin, & Viskin, 2011) .
Today, several potential high-risk subphenotypes of ER have been established including ER in the inferior leads, a high amplitude of ER (>2 mV), a notching morphology or a horizontal/descending ST segment (Cheng et al., 2016; Junttila et al., 2014; Sinner et al., 2010; Tikkanen et al., 2011) . The presence of ECG variants like ER in apparently healthy, highly trained athletes remains challenging for physicians and previous work on this topic has mainly dealt with physically active amateurs or competitive collegiate athletes (Noseworthy et al., 2011) , with only little data on top-level athletes (Quattrini et al., 2014) .
Therefore, in the present study, we investigated a large sample of exclusively highly trained elite athletes to analyze the ER pattern with respect to structural and functional echocardiographic alterations, differences in exercise tolerance, and predominance of a specific type of physical activity. Moreover, we sought to elucidate whether echocardiographic measurements in high-risk subtypes of ER can help to discriminate between benign and malignant forms of ER.
| ME THODS

| Study sample
Participants were examined in the outpatient clinic of the
Department of Prevention and Sports Medicine, Technical
University Munich, Germany. Here, elite athletes of a variety of disciplines undergo annual preparticipation screening. Participants were selected according to their status as members of national or top-level state teams. Many of those belong to the world class of their disciplines including several Olympic and World Championship medalists. Furthermore, all athletes were ≥16 years of age and had a complete examination including physical examination, electrocardiography, echocardiography, exercise testing (treadmill n = 352, bicycle n = 271), standardized interview, and clinical follow-up. Individuals with known cardiovascular diseases like hypertrophic or dilated cardiomyopathy, relevant valve disease and other conditions that preclude from participation on competitive sports according to the international recommendations for competitive athletes were excluded from the analysis Maron, Zipes, & Kovacs, 2015) . In addition, the following ECG exclusion criteria were defined to allow unambiguous assessment of the ER pattern: QRS width >120 ms (n = 11), presence of pacemaker (n = 0), and irregular heart rhythms, for example, atrial fibrillation (n = 0).
Written informed consent was obtained from all subjects (parents or guardians gave written informed consent for minors), and a local ethical committee approved the analysis of the anonymized clinical data. The investigation conforms to the principles outlined in the Declaration of Helsinki.
| Anthropometric and echocardiographic measurements
Study design and methodological aspects of data collection have been described in detail elsewhere (Pressler et al., 2012) . Height and body weight were assessed according to standard techniques and body surface area was calculated using the DuBois formula.
Lean body mass was calculated using body weight and total body fat, which was determined using the skinfold thickness model by Jackson and Pollock (1982) . In all athletes, two-dimensional echocardiography was performed by experienced physicians according to current guidelines (Lang et al., 2015) . Systolic function was measured using left ventricular fractional shortening (FS).
Diastolic function was assessed using pulse-wave Doppler profiles across the mitral valve leaflets and tissue Doppler velocities of the septal and lateral mitral valve annulus. Left ventricular mass (LVM) was calculated using the formula by Devereux et al. (1986) and indexed to body surface area (LVM BSA ,) and height (LVM height ; Pressler et al., 2012) . Relative wall thickness was calculated as 2x posterior wall thickness at end-diastole/left ventricular end-diastolic dimension. Left ventricular hypertrophy was defined as LVM BSA >115 g/m 2 in men and >95 g/m 2 in women (Finocchiaro et al., 2017; Lang et al., 2006 ). An abnormal relative wall thickness was defined as >0.42 (Lang et al., 2015 (Lang et al., , 2006 . The heart volume of each athlete was calculated according to the formula by Dickhuth, Nause, Staiger, Bonzel, and Keul (1983) and is also provided as relative heart volume in ml per kg bodyweight. Macfarlane et al. (2015) . In brief, ER was defined as J-point elevation above the level of QRS onset of ≥0.1 mV in ≥2 corresponding leads. Leads V1 to V3 were not interpreted to avoid confusion with the original ECG phenotype of Brugada syndrome as a right bundle branch block configuration with persistent ST-segment elevation (Brugada & Brugada, 1992) . Two trained cardiologists, blinded to clinical data, independently analyzed all ECGs for J-point elevation.
| ECG recording and definition of ER
ECGs with ER were reevaluated by a third blinded cardiologist and final decision on ER status was achieved by consensus. In the presence of ER, region, either inferior (leads II, III, aVF), antero-lateral (leads I, aVL, V 4 -V 6 ), or both, and the amplitude of J-point elevation was recorded. The ST segment after the J-point was analyzed according to Tikkanen et al. (2011) as either concave/rapidly ascending (>0.1 mV elevation 100 ms after J-point peak or persistently elevated ST segment >0.1 mV) or horizontal/descending (≤0.1 mV elevation within 100 ms after J-point peak) (Macfarlane et al., 2015; Tikkanen et al., 2011) . High-risk subtypes of ER were defined as previously described including inferior region, amplitude >2 mV, notching morphology, and horizontal/descending ST segment (Cheng et al., 2016; Junttila et al., 2014; Sinner et al., 2010; Tikkanen et al., 2011) . 
| Statistical analysis
| RE SULTS
| Baseline characteristics and prevalence of ER
Clinical characteristics of the study sample are depicted in Table 1 .
The overall prevalence of ER was 17.3% (108/623) with significantly 
Note. Continuous variables are expressed as mean ± standard deviation, dichotomous data as n (%). BSA: body surface area; QTc interval was calculated using Bazett formula; SVES: supraventricular extrasystole during rhythm strip; VES: ventricular extrasystole during rhythm strip. 
TA B L E 1
| Association of ER with type of training
Overall, athletes participated in 41 sport disciplines that are listed in detail in the Supplemental Table 1 . Sport disciplines were further divided into dynamic or static physical activity according to the classification by Mitchell (Mitchell, Haskell, Snell, & Van Camp, 2005) . The prevalence of ER in each category is displayed in Figure 2 . There was no association of ER with a particular sport category (p = 0.160). However, there was a trend toward a higher prevalence of ER from low to high dynamic sport disciplines (p = 0.074).
| ER and echocardiographic measurements
The comparison of structural and functional echocardiographic measurements between ER+ and ER− individuals according to sex is displayed in Table 3 . Overall, there were only minor differences between ER+ and ER-athletes. In men, ER+ athletes showed a higher relative heart volume than ER-athletes (12.3 ± 1.8 vs. 11.6 ± 2.0 ml/ kg body weight; p = 0.008). In women, the ER+ group exhibited a thicker left ventricular posterior wall compared to ER− women (0.9 ± 1.0 cm vs. 0.8 ± 0.1 cm; p = 0.025). However, all other echocardiographic parameters including left atrial diameter, left ventricular mass, and systolic or diastolic function did not differ between ER+ and ER− male and female athletes. Comparison of left ventricular geometry between ER+ and ER− athletes is shown in Figure 3 .
Most athletes showed a normal left ventricular geometry, and there were no differences in the distribution of the four categories of left ventricular geometry between ER+ and ER− individuals (p = 0.756).
Logistic regression analyses were performed to identify echocardiographic parameters associated with high-risk ER subtypes. The only subtype that showed significant echocardiographic changes after adjusting for age and sex was the notching ER pattern (n = 15).
Notching was associated with an increased left atrial diameter (OR 7.01 95% CI 1.65-29.83; p = 0.008), a higher left ventricular mass (OR 1.033, 95% CI 1.004-1.062; p = 0.026) and an increased relative heart volume (OR 1.01, 95% CI 1.00-1.01; p = 0.01) ( Table 4) .
| ER and exercise testing
Analysis of exercise testing either using leg cycling (n = 271) or a treadmill test (n = 352) did not show any significant difference between ER+ and ER− athletes for several variables of maximal cardiopulmonary capacity (Table 2 ). >2 mV, n (%) 13 (12.0) 9 (11.7) 4 (12.9) 1.000
Note. Data are given as n (%). mV: millivolts
TA B L E 2 Prevalence of ER and ER subphenotypes
| ER and clinical outcome
All athletes participated in a clinical follow-up. The longest followup was 11.7 years and the shortest follow-up time was 5.6 years.
The mean follow-up duration of athletes was 7.4 ± 1.5 years. During the follow-up time, no event of unexplained syncope or SCD was recorded.
| D ISCUSS I ON
Since the first description of the ER phenotype in 1951 (Grant et al., 1951) , its definition has been modulated and sharpened and was recently summarized in a consensus paper (Macfarlane et al., 2015) .
However, the classification of ER as a benign or a potentially harmful ECG pattern is controversial and has been under debate since the first reports of ER being associated with ventricular fibrillation and SCD (Haissaguerre et al., 2008; Rosso et al., 2008) . Recently, a large meta-analysis of patients with known structural heart disease linked the ER pattern to a higher rate of ventricular arrhythmias and SCD (Cheng et al., 2017) . In athletes, regular moderate-intense physical training is known to induce structural changes in the heart mostly without pathological significance (Sharma, Merghani, & Mont, 2015) . Therefore, in the present study, we analyzed the ER pattern and its association with structural and functional cardiac alterations in more than 600 healthy elite athletes without any relevant cardiovascular disease prior to inclusion. Our analyses demonstrate that although the ER pattern showed a high prevalence in this cohort, the Although there was no single sport discipline for which ER is particularly common, we could show that ER was rather associated with dynamic than static sport disciplines. There were no differences in outcome since no event of SCD or unexplained syncope were recorded within the follow-up.
The prevalence of ER in our study cohort was 17%, which is in accordance with previous studies showing a similar prevalence of 14%-32% in trained athletes. (Quattrini et al., 2014) Interestingly, a longitudinal study of athletes showed that after retirement from training the ECG phenotype only persists in 53.4% of athletes (Serra-Grima et al., 2015) . Thus, the ER pattern in athletes could reflect structural changes of the left ventricle in times of intense exercise. After training is stopped structural alterations regress and the ER phenotype may dissolve. Furthermore, a previous analysis of elite athletes by Quattrini and colleagues linked the ER pattern with an increased left ventricular mass (Quattrini et al., 2014) . However, in this study sex differences were not considered, although 75% of ER+ athletes were male. We assume that this is the main reason why we
were not able to reproduce this finding in our large sample of elite athletes. In our study, prevalence of ER was also significantly higher in male athletes (71%) with clearly higher left ventricular mass than in female athletes. Sex-stratified analyses did not show differences TA B L E 3 Echocardiographic characteristics of the study population E/E' medial 6.9 ± 1.7 7.0 ± 1.7 0.624 7.6 ± 1.5 7.3 ± 1.6 0.477 E/A 2.1 ± 0.6 2.1 ± 0.8 0.815 2.4 ± 1.0 2.3 ± 0.8 0.540 Heart rate peak (bpm) 186.3 ± 13.6 186.9 ± 14.1 0.718 186.5 ± 10.0 190.0 ± 11.4 0.109
54.6 ± 9.5 54.2 ± 9.7 0.759 48.2 ± 7.3 49.1 ± 7.3 0.488 P peak adjust kg (W) 3.8 ± 0.7 3.8 ± 0.7 0.448 3.3 ± 0.5 3.4 ± 0.6 0.639
Note. Continuous variables are expressed as mean ± standard deviation, dichotomous data as n (%). BSA: body surface area; FS: Fractional shortening; IVSD: Interventricular septum thickness at end-diastole; LBM: lean body mass; LV: left ventricular; LVPWd: Left ventricular posterior wall thickness at end-diastole; METs: estimated metabolic equivalents of task; P peak : power at peak effort; kg: kilogram bodyweight; VO 2 peak: oxygen uptake at peak effort.
in left ventricular mass or diameters between ER+ and ER− athletes.
Hence, this is the first report examining ER and echocardiographic metrics and function accounting for these gender differences. In male athletes, ER was only associated with one parameter namely an increased relative heart volume. This suggests that structural changes may not be the only cause for the occurrence of ER in athletes.
A different hypothesis for the high prevalence of ER in trained athletes could be a training-induced increase in vagal activity which in turn promotes the presence of the ER pattern. This theory is supported by the significantly lower heart rate in ER+ individuals and a significantly higher proportion of athletes with sinus bradycardia (<60 bpm) in our cohort, which is a well-established risk factor for the presence of ER (Olson, Viera, Soliman, Crow, & Rosamond, 2011; Tikkanen et al., 2009) . Furthermore, in individuals without structural heart disease, the ER pattern was independently associated with an increased vagal activity and this was likewise linked to a higher amplitude of ER (Baek et al., 2015) . Sinus bradycardia is mainly present in highly trained endurance athletes (Brosnan et al., 2014 ) who also usually demonstrate lower body fat (Pressler et al., 2012) . In our study, ER+ athletes also showed a body composition with less body fat and a higher percentage of lean body mass. Furthermore, we were the first to show that there is a trend toward an increase in ER prevalence in high dynamic versus low dynamic disciplines. Taken together this suggests that the ER pattern is rather present in lean, male athletes performing highly dynamic endurance disciplines and presenting with low heart rates.
Regarding stress testing, we could not show a difference in performance between ER+ and ER− athletes whereas a previous analysis of ER and exercise testing in nonathletes showed that ER+ individuals had a higher aerobic capacity (Haydar, Brantley, Gittings, Wright, & Fleg, 2000) . Also, there was no difference in supraventricular or ventricular extrasystole between ER+ and ER− athletes. This is in accord with our previous analysis of ER in the general population showing no association of ER with ventricular or supraventricular ectopy (Trenkwalder et al., 2017 ).
We did not detect any severe cardiovascular event during the clinical follow-up. However, given the low incidence of ER-associated idiopathic ventricular fibrillation (Rosso et al., 2008) and arrhythmia death (Wu, Lin, Cheng, Qiang, & Zhang, 2013 ) our study was not designed to detect significant differences in such events. A previous study by
Cappato and colleagues detected a higher frequency of ER in athletes with cardiac arrest or sudden death compared to control athletes (Cappato et al., 2010) , whereas in a study with the so far longest follow-up of 24 years, no event of SCD occurred in ER+ athletes (SerraGrima et al., 2015) . Looking at the high prevalence of ER in trained athletes and the comparatively low number of SCD in this cohort the sole presence of ER may not be considered a high-risk phenotype.
Therefore, we also analyzed subtypes of ER, which have been linked to a poorer outcome. Here, a horizontal/descending ST segment, presence of ER in the inferior leads and a high amplitude of Jpoint elevation (>2 mV) have been described as potentially malignant subtypes (Junttila et al., 2014; Rosso et al., 2012; Sinner et al., 2010; Tikkanen et al., 2011) . Recently, the notching configuration was also described as a high-risk variant (Cheng et al., 2016) . Interestingly, in our study, only the notching subtype was associated with echocardiographic alterations showing an increased atrial diameter, higher left ventricular mass and relative heart volume. However, it is important to emphasize that this subgroup consisted of 15 athletes and future studies are needed to confirm this observation.
Overall, in elite athletes functional and structural echocardiographic measurements were similar between athletes with ER and those without. Therefore, the addition of echocardiographic characteristics does not help to discriminate between benign and potentially harmful forms of ER. Future studies including genetic analyses are needed to identify individuals with ER at risk.
| Strengths and limitations
Our study is the first analysis of ER in highly trained athletes taking gender differences into account. In the investigation of left ventricular metrics in a phenotype that occurs predominantly in men, it is of utmost importance to perform sex-stratified analyses to avoid any gender-related bias. Moreover, as comparison of various sport disciplines is difficult we tried to overcome this issue by classifying sports into static and dynamic subgroups and thereby could show that ER is rather associated with highly dynamic endurance sport types.
However, there are some limitations that should be considered.
Compared to population-based studies the size of 623 individuals
is small and particularly in the subtype analysis of ER, group sizes are very low. Therefore, results must be interpreted carefully. In addition, the follow-up time of seven years is comparably short, especially as severe events in a young and healthy study sample are rare. We therefore focused on the morphological analyses in this unique cohort of elite athletes including several Olympic and
World Championship medalists with a detailed clinical examination including echocardiography. The prevalence of ER highly depends on its definition. We invariably used the definition by Haissaguerre (Haissaguerre et al., 2008) and Macfarlane (Macfarlane et al., 2015) which excludes leads V1-V3. Therefore, repolarization variants like the black athlete repolarization variant might have been missed. However, of seven black athletes in our study, only one presented with the black athlete repolarization variant. This athlete was also classified as ER-positive following our definition.
Another limitation is that we did not correct for multiple testing in our analyses.
| CON CLUS ION
Presence of ER in elite athletes is not associated with distinct structural or functional echocardiographic changes or a typical pattern in cardiopulmonary exercise capacity. The prototype of an athlete presenting with ER is male, lean, has a low heart rate or sinus bradycardia and is predominantly involved in high dynamic endurance sport disciplines.
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